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Near-Field and Distance Cues in Auditory Spatial Displays
‘Shinn-Cunningham & Brungart

| Final Report
Near-Field and Distance Cues in Auditory Spatial Displays

EXECUTIVE SUMMARY

This report summarizes the results of the collaboration between researchers at Boston University and
the Air Force Research Laboratory Human Effectiveness Branch investigating the acoustics and
psychoacoustics of sound localization for sound sources near a listener’s head. The results of this work
are unique in that little previous work has examined how the acoustics of the signals reaching a listener
change with source distance. This work is critical for determining how to robustly represent sound source
distance in spatial auditory displays. ' '

Theoretical analysis showed that the interaural differences that arise in anechoic space when sources
are within a meter of the listener resolve source Jocation to within a torus of space (in contrast with
previous studies of more distant sources, where it has long been known that binaural cues are roughly
constant for a source on a cone centered on the interaural axis). Localization studies in a reverberant room
demonstrated that despite the fact that the direct sound reaching the ears is relatively intense compared to
the reverberation for nearby sources, the reverberation dramatically improves distance perception. In fact,
it also causes minor degradations in directional localization accuracy; however, these effects are relatively

minor. Surprisingly, results also suggest that in a room, unlike in anechoic space, a listener’s accuracy m

judging source distance and direction improved gradually with time, even In the absence of direct feedback
about localization performance.

Headphone simulation studies confirmed that reverberation is a dominant cue for source distance, even

_ for nearby sources in which the reverberant energy is not very intense and binaural cues can provide some

distance information. In fact, our results suggest that distance is computed primarily from the signal
reaching the nearer ear and is a primarily monaural (not binaural) cue. Thus, in order to simulate distance
in a spatial auditory display, including realistic reverberation is critical; however, we cannot yet say exactly
what aspect of reverberation provides this information. '

Acoustical measurements demonstrate that many features of the signals reaching a listener’s ears
change with distance and with reverberation: further work must be performed in order to determine which
of these features is critical in the perception of source distance.

Finally, while including reverberation is undoubtedly helpful for generating a realistic percept of
acoustic sources in space, it may cause degradations on other important tasks. Preliminary studies
investigating how spatial separation of competing sources affects detection and speech intelligibility in
anechoic simulations show that large changes in threshold signal levels -are observed when nearby target
and masker sources are moved in space. The way in which these thresholds are affected by reverberation
fhust be evaluated in order to determine how best to trade off spatial accuracy of a display against

performance on other tasks.

20010326 116
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RESULTS 1

1. Localization Cues 0.8

In order to improve our theoretical
understanding of the acoustic signals that
arise at the ears when sources are within
reach, we have analyzed and modeled how
spatial cues change with position for sources
within a meter of the head. We have also
measured spatial acuity in this region in a
series of headphone studies measuring the
just-noticeable difference (IND) in azimuth
as a function of distance for nearby sources.
These studies show that spatial acuity is
substantially improved for very close sound
sources (<19 cm) directly in front of the
head, but that there are mo consistent
variations in the JND with distance for other 0.8 |

0.6

0.4

0.2

meters (perpendicular to interaural axis)
o

median plane

directions. However, results indicate that
monaural azimuthal JNDs (measured at the 1 05 0 0.5 1
ipsilateral ear) are substantially improved for meters (along interaural axis)

nearby sources, probably due to the large  Figure 1: Iso-ITD (every 50 microsec; left
overall level variations with azimuth that gide) and ILD (every 1 dB; right side)
occur when the source is near the head. showing source positions in a plane
In the simplest theoretical analysis of containing the ears that ‘would give rise to
binaural localization cues, the acoustic identical interaural differences at the ears
effocts of the head itself were ignored (an (denoted by small open circles). Gray area
“acousﬁcal]y.transparent head” condition) shows ‘reglon of spacg that .a source at the ‘o’
and the loci of points for which all sources ~(left side) or ‘x> (right side) could occupy
give rise to the same interaural differences of while giving rise to approximately the same
time or level were computed algebraically. interaural difference. u
While the resulting iso-ITD contours have been discussed in the literature for decades (e.g., see the
description of cones of confusion in von Hornbostel and Wertheimer, 1920), surprisingly, this analysis
had never before been undertaken (to our knowledge) for interaural intensity differences. In three space,
iso-TID surfaces are perfect spheres whose centers fall along the interaural axis. As a result, the locus of
points for which sources give rise to the same ITDs and IIDs is a circle centered on the interaural axis (see
Figure 1). If one further assumes that there is some uncertainty in binaural perception, this circle is
“smeared” into a finite volume: a torus (a solid of rotation) centered on the interaural axis. The volumes of
these “tori of confusion” change with source position; the torus degenerates to the normal cone of
confusion for distant sources (where IID changes slowly with position) and to the median plane for
sources far from the interaural axis (where IID cues are uniformly zero).

Of course, this analysis ignores the effects of the head. A more complete mathematical analysis (based
on iteratively calculated numerical solutions) was performed in which the head is treated as a rigid sphere.
This analysis was repeated for ears located at diametrically opposite points on the surface of the sphere as
well as when the ears are displaced backward (more like the ears on a listener’s head). The resulting ITD
values changed very little in perceptual terms when the effects of the head were included, increasing only
slightly for sources very near one ear (e.g., see Shinn-Cunningham, Santarelli, and Kopco, 2000).
However, IIDs increased dramatically in this analysis compared to solutions for a “acoustically transparent
head.” In addition, IIDs for a rigid spherical head depend on frequency; at low frequencies the

3
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“acoustically transparent head” model is relatively accurate, but the total TID increases dramatically for high

audible frequencies. Analysis also showed a surprising result: the total TID for a source at a particular
position can be factored into two essentially additive components. The first is a frequency- and direction-
dependent component that is independent of distance (the normal “head shadow™). The second depends
only on the relative distance from the source to the two ears (i.e., is the component derived for the

“acoustically transparent” head) and is roughly independent of frequency. Thus, taken together, IID and

ITD information should be sufficient to determine source location to within a torus of confusion

(equivalent to that described - by the 1
“acoustically transparent head” analysis). (See
Shinn-Cunningham et al., 2000). 08
New analysis of free-field localization data 0.8~ — T
for nearby sources (Brungart and Durlach, o 07 TN e
1999) supports the torus of confusion analysis. €08l 0 U ]

In this earlier study (which inspired much of % 0.5
the work performed in the current grant), @
subjects were asked to localize sources

presented at a randomly roved overall level 0.3} ,

from locations in the right hemifield by 02| ----reverberant

pointing to the heard position of the source. o4l anechoic

When these data are analyzed in terms of 0, the )

cone-of-confusion angle (corresponding to the 010 20-30 _ 40-50 —E0-70 _ 80-90
ITD); ¢, the angle around the interaural axis 6& @
(corresponding to the spectral cue); and 1, . <. - N
distance (which is partially correlated with & cone-of confusion angle Qb'q

IID), patterns of localization accuracy are easy
to’ explain. Most response bias and response Figure 2: Correlation (r?) between source and
variability can be ascribed to errors in ¢ (which response distance as a function of source
is calculated from the relatively ambiguous coneé of  confusion angle in anechoic
spectral cue) and 1 (for which robust cues are conditions (solid) and reverberant conditions
not uniformly available in all regions of space). (dashed lines), averaged across subject.

In contrast, errors in O are uniformly small. If

one analyzes the errors in units of ITD and IID (by converting -source and response locations 10
corresponding binaural cue values using the “acoustically-transparent head” model), the magnitude of
average binaural errors are roughly the size of JNDs found in discrimination tasks. The average absolute
ITD error is only 53 ps; the average absolute IID error is 1.1 dB (see Shinn-Cunningham, 2000). Analysis
of distance perception as a function of angle from the interaural axis is also instructive (see Figure 2). The
main distance cue for nearby sources in anechoic space is the IID. Although the TID varies dramatically
with distance for sources near the interaural axis (providing a rich distance cue for sources in this part of
space), it is approximately zero, independent of distance for sources near the median plane. The
corresponding behavioral result can be seen in Figure 2, which plots the square of the correlation
coefficient between source and response distances (on a logarithmic scale) as a function of 6 for the
anechoic study (solid lines). In Figure 2, one sees a progressive decrease in distance performance as the
source approaches the median plane and the TID cue becomes less salient.

We have also made some progress in understanding how the spectral Jocalization cues related to the
directional properties of the pinna vary with the distance of a nearby sound source. In this analysis,
KEMAR-manikin HRTFs for nearby sources wWere used to map the relationship between azimuth and
distance for high-frequency HRTF features (> 8 KHz) associated with the directional filtering properties of
the outer ear. Specifically, we determined the azimuths of the HRTFs measured at distances of 12 cm, 25
cm, and 50 cm that most closely matched the high-frequency features of far-field HRTFs measured at 0,

30, 60, 150, and 165 degrees in azimuth. The results show that the high-frequency HRTF features vary
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with the location of the source relative to the ear rather than relative to the center of the head, resulting in an
auditory parallax effect for nearby sources (Brungart, 1999). This finding is relevant to the construction of
three-dimensional auditory displays because it suggests that individualized HRTFs may be produced for
source locations near the head by geometrically warping a single set of far-field HRTFs. This would
mitigate the technical problems associated with HRTF measurements near the head.

2. Localization in Reverberant Space

In order to begin to quantify how reverberation affects localization performance in reverberant space,
an earlier free-field localization study (Brungart and Durlach, 1999) was replicated in a reverberant room -
(using a randomly-roved presentation level). The most important finding was that even when sources are
near a listener and the relative level of reverberation is low, distance performance is significantly better
than in anechoic space. This can be seen in Figure 2 (dashed line), which compares distance perception in
reverberant and anechoic conditions (plotted as the square of the correlation coefficient between source and
response distance as a function of the cone of confusion angle of the source). Whereas distance perception
degrades as the source approaches the median plane in anechoic space, performance in reverberant space is
better and varies less dramatically with source direction. This result demonstrates that reverberation
provides a robust cue for source distance. Of course, these results by themselves do not address whether
the reverberation cue provides distance information in addition to, or instead of, the distance information in
the IID. Specifically, since even in the reverberant condition, distance performance degrades as the source
approaches the median plane, these results leave open a number of intriguing questions. What aspect of
reverberation provides the cue for distance? Is the IID cue the dominant cue for sources along the interaural
axis in reverberant space? Does the reverberant cue itself degrade as sources approach the median plane?

Another smaller, but no less interesting, difference between anechoic and reverberant localization
performance was also evident. Localization accuracy of subjects in reverberant space gradually improves
over time. This long-term learning (which is mot seen in anechoic results) occurs in every spatial
dimension examined, including in directional Jocalization. This effect is described in more detail in Shinn-
Cunningham, 2000b). Apparently, the small distortions of localization cues caused by reverberation can
cause small errors in localization, but these errors gradually diminish with experience in a particular room.

In sum, even when reverberation is relatively quiet (i.e., for sources near the listener), reverberation
provides robust information about source distance and causes measurable degradations in directional
localization. With practice in the room, localization accuracy shows statistically significant improvements;
however, the absolute magnitude of these effects is small.

In another study, we tested whether localization in distance and direction would be worse in a
reverberant room when the envelope of the direct sound rose and decayed slowly over time (100 ms-long
cosine-squared envelope). We hypothesized that localization might benefit from sharp onsets, since, at
these transition times, the listener would get a good “look” at the direct sound, undistorted by
reverberation (or, in the case of the offset, would get a good look at the reverberation decay pattern in
isolation). In turn, such looks might allow the listener to estimate the relative energy in the direct sound
versus the reverberation more accurately and allow accurate distance perception. However, including slow
envelope onsets (and offsets) in the direct sound did not cause any significant changes in localization
performance in a room. In other words, it appears that the reverberant distance cue does not depend on the
presence of rapid temporal modulations of the source signal.

3. Robust Simulation of Distance Cues

In order to begin to tease apart how reverberation encodes source distance, 2 headphone-based
experiment was performed in which both anechoic and reverberant distance perception could be compared
directly. In order to perform this study, we wanted to be able to create realistic simulations of sources at

different directions in both anechoic and reverberant conditions using headphones.
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Measurements of the HRTFs in the reverberant room used in the real-world localization experiments
were taken at seven different distances (15, 19, 25, 38, 50, 75, and 100 cm) at Jateral positions to the right
side of the head (along the interaural axis) and directly in front of the listener. A Golay code technique was
used to present pink noise stimuli to the ears of each experimental subject. The resulting HRTFs (derived.
from the signals measured at the ears) contained both a direct HRTF (essentially the typical “anechoic”
HRTF for a source at the position of the speaker) and reverberant energy (the superposition of many
. sources arriving from many different directions, coming from the floor, ceiling, and walls). For all these
recordings, the anechoic portion of the HRTF had dissipated before the first reflection (from the floor)
arrived. As a result, these HRTFs could either be time-windowed to generate pseudo-anechoic simulations
or used in full to generate reverberant-room simulations.

The measured “anechoic” and reverberant HRTFs were convolved with noise samples (identical to
those used in the real-room localization experiments) to generate headphone simulations of sources along
the interaural axis or in the median plane at various distances. As in the real-world localization task, overall
presentation level was randomly roved .to

remove intensity as a distance cue. Stimuli 1
were presented both monaurally (where the g™ B lateral , .
signal to the left earphone was turned off) or " & © medial ., *
binaurally. Trials were blocked by condition 7 0.8 g average (xsubj) =
- . . g ]
(anechoic monaural, anechoic binaural, LLt & ind. subj. * i *
reverberant monaural, and reverberant 0.6 o ] .
binaural) with blocks presented in random & . 6
order. No feedback was provided to the (3
subjects during the experiment. . . 0.4t o " 6 "
L J
We hypothesized that in the anechoic g:: ©
monaural condition, subjects would be poor at O o 2‘Eh_{=“lc?_ level o _ ___8____J
judging distance, but that in the anechoic O o s
binaural condition, subjects would be good at - (=}
distance judgements for lateral sources and 0 < -
poor for medial sources. If reverberant . 2
distance cues were primarily monaural, then &\3‘ . s Q’b“’& . \(\'b‘){b
the reverberant monaural and reverberant &° o © ©
binaural results would be similar for the ANECHOIC REVERBERANT

medial sources. However, since reverberation

will decorrelate the signals at the two ears, Figure 3. Correlation (r?) between source and
performance might be generally better for response distance in headphone experiments.
reverberant binaural than for reverberant Anechoic results (left) are generally below
monaural presentations. Finally, if reverberant chance; reverberant results (right) are
binaural results were better than reverberant generally good. For reverberant results,
monaural sources for lateral but not medial lateral results (squares) are better than
sources, it would indicate that the medial (circles) and monaural results are
reverberation cue was primarily monaural, but comparable to binaural. o

was used in addition to the binaural IID cue.

Figure 3 plots the square of the correlation coefficient between source and response distance
(separately for each condition and for lateral and medial sources). In fact, the most obvious finding was
that the anechoic results (left side of the figure) resulted in uniformly poor distance judgements, with the
distance correlation failing to be significantly stronger than chance (within a 95% confidence interval).
This result held even for binaural presentations of lateral sources, where there was a 15 dB change in the
IID with distance for the simulated sources.
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Looking at the reverberant results, one can see that performance for lateral sources is better than for
medial sources for both monaural and binaural conditions. This implies that the reverberant cue for
distance of nearby sources is stronger for lateral than medial sources. Examining only the lateral sources
(where the binaural IID cue is strong), there is essentially no difference in distance performance between
monaural and binaural conditions; in other words, the binaural distance cue does not appear to improve
distance judgements. Finally, there is 2 small improvement in distance judgements for medial reverberant
sources when they are presented binaurally rather than monaurally. This final result is somewhat
surprising, since there is essentially no binaural distance information for medial sources. However,
examination of the mean responses for source distance in these conditions provided further insight into
what occurred.

For the lateral sources in reverberant conditions, distance judgements were not only highly correlated
with the source distance for both binaural and monaural presentations, the mean judgements showed
essentially no bias. However, for the medial sources in the reverberant conditions, mean judgements of
source distance were consistently farther from the head then the actual source distance for binaural stimuli.
This bias increased significantly for monaural stimuli. We believe that the perceived direction of the source
influenced how an essentially monaural reverberation cue for distance is interpreted. When “medial”
sources are presented monaurally, the perceived direction is along the interaural axis (in other words,
binaurally- and monaurally-presented medial sources are perceived in different directions). In contrast,
binaurally-presented lateral sources are already heard in the direction of the interaural axis, and turning off
the far ear has no effect on the perceived direction. Finally, the direct-to-reverberant energy ratio (which
has been suggested as a cue for distance) varies with direction as well as with distance for nearby sources.
In fact, our analysis shows that a source at a particular distance af a lateral location gives rise to a larger
- direct-to-reverberant energy ratio than a source at the same distance directly in front of the listener. While
previous studies have not shown an interaction between perceived direction and perceived source distance
in reverberant space, this direction dependence is only pronounced for sources very close to the head, like
those in the current study. .

To summarize these findings, we conclude that reverberation is a much more salient and robust
distance cue than the anechoic IID cues in headphone simulations. While the IID undoubtedly has an effect
on perceived direction in reverberant environments (e.g., see Hartmann, Constan, and Rakerd, 1999;
Hartmann and Rakerd, 1999), the unique, distance-dependent IIDs appear to be relatively unimportant for
distance  perception when listening under headphones. The reverberant distance cue is- essentially a
monaural cue; however, perceived source direction influences how the reverberant cue (whatever form it
takes) is mapped to perceived source distance.

A follow-up experiment was performed to ensure that the large IIDs in the anechoic binaural
simulations of lateral sources were perceptible. In this experiment, subjects performed a seven-alternative
forced-choice task in which only the seven lateral sources were presented binaurally at random levels, but
correct-answer feedback was provided. Subjects were repeatedly tested until performance stabilized. The
results of this experiment confirmed that the large modulation of IID with source distance is perceptible
(performance for each subject improved substantially, with the final performance of five of the six subjects
substantially better than chance and the sixth subject’s performance approaching chance). We believe that
anechoic cues can convey distance information for lateral sources in anechoic space; however, these cues
are not as robust or as compelling as reverberant distance cues, at least for headphone simulations.

4. Models of Distance Perception

A simplified model of auditory distance perception in anechoic space was developed for sound sources
near the head. This model assumes that listeners can perfectly determine the left/right position of a sound
source from the ITD, but sometimes confuse sources in the front and rear hemispheres. They then use the
estimated IID (which is assumed to be a Guassian-distributed random variable) to estimate distance for the
perceived azimuth location. The perceived distance equals the actual distance that would produce the IID
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matching the listener’s perceptual estimate. The model can account both the mean responses and variation
in the responses that were observed behaviorally. Simulations show that the model can predict
performance reasonably accurately for lateral sources more than 30 degrees from the median plane;
however, the model underestimates performance in the median plane (where no non-binaural cues are
available to listeners). This model makes a number of simplifying assumptions. For instance, the model
assumes that ITD and IID are separately available to the listener and that ITD alone determines perceived
direction (i.e., there is no time-intensity trading of any sort). The model also assumes that source direction
is perceived perfectly (except for possible front/back reversals). Of course, we do not believe that these
assumptions are entirely correct. We were simply trying to explore whether we could model the accuracy
of distance perception if we assumed that the listener was able to extract reliable directional information
(either from ITD or from a combination of ITD and IID cues) and then used the IID to determine distance.

In reverberant space (and reverberant simulations), it appears that distance perception improves due to
some monaural attribute of the total signal reaching the ears. Only one computational model for reverberant
distance perception has been proposed (Bronkhorst and Houtgast, 1999). However, this model assumes
that sources are relatively far away so that the intensity of the direct sound varies inversely with the square
of the source distance. For sources relatively close to the head, the direct sound intensity increases more
rapidly than this. In fact, the direct sound intensity increases more rapidly for lateral than for medial
sources (i.e., there is a directional dependence of the direct-to-reverberant energy ratio for nearby
sources). If one were to refine the proposed model of distance perception so that distance judgements are
based on the appropriate direct-to-reverberant energy ratio for sources in a particular ~(perceived) direction,
it would predict the direction of the response bias seen for monaurally-presented medial sources reported
in the previous section. However, our analysis shows that even a refined version of the model fails to
predict the magnitude of the bias we observed. In particular, the bias should be even larger than was
found, even when the model is liberally “doctored” to fit the acoustics of nearby sources and to take into
account direction-dependent changes in the levels of the direct sound with distance. Finally, as pointed out
in the background section, this model is not plausible, since it assumes that listeners can perfectly

deconvolve room and HRTF characteristics (a feat that is impossible even in anechoic space; see Rakerd,
Hartmann, and McCaskey, 1999). '

As a result of our analysis, we have looked for alternative statistics that could explain distance
perception for nearby sources in reverberant space. As yet, we have not found any alternatives that can
account for all aspects of our results, but we have ruled out binaural correlation, monaural autocorrelation,
and variants of the Bronkhorst and Houtgast model that operate on the energy in the total signal reaching
the ears rather than on the energy in the reconstructed room HRTF.

5. Predictions of Spatial Unmasking in Anechoic Space

We have made substantial progress is in analyzing what "natural” combinations of binaural cues can
arise for sources within reach of a listener. In particular, from the analysis of "tori of confusion," we can
predict both interaural phase and intensity differences for sources close to the head. This analysis is
particularly relevant for understanding how spatial unmasking effects may play out for nearby target and
masker sources. Our analysis points out a number of interesting aspects of the conditions that can arise for
nearby sources. Of course, one of the major effects of presenting sources very close to the listener is that
the overall energy received at the ears changes dramatically with source distance.

We have analyzed how the “received energy” (the monaural contribution to spatial unmasking) changes
with source location for nearby sources. This analysis, based on the predictions of the spherical model of
the head, shows that this monaural component contributes significantly (and for some spatial
configurations overwhelmingly) to the observed changes in the detection threshold.

We have also looked at the more interesting binaural effects on spatial unmasking. We have performed
simple analyses (based on the Colburn model of binaural processing; €.g., see Colburn, 1973) to predict
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changes in detection threshold after normalizing the SNR at the so-called "better ear." Previous studies

have generally assumed that the better ear is the ear closer to the source (an assumption that is generally

valid for relatively distant sources). However,

which ear is the better ear must take into account

as our analysis for nearby sources shows, a prediction of
the relative distances of the target and the masker to both

ears. For example, if a masker is very close to the right ear (along the interaural axis) and the target is
farther away (but in the same direction), the left ear will be the better ear even though the target source is
directly to the right side of the head. This better-ear advantage is very small when the masker is more than

a meter away (i.e., there is no better ear);

however, the advantage is pronounced for nearby sources.

Predictions for which ear is the better ear are easily understood from analysis of IID cues. For a given
masker location, any target source on the same iso-1ID surface will yield the same SNR at both ears (i.e.,
once again, there is no better ear). If the target source gives rise to a different IID than the masker, the

better ear (that with the better SNR) is the ear
for which the IID is bigger than for the
masker. In other words, if the masker yields
an IID of 10 dB favoring the right ear and the
target yields an IID of 8 dB favoring the right
ear, the left ear has a better signal to noise
ratio than the right (by 2 dB). Of course, the
actual TIDs that arise for nearby sources vary
dramatically with frequency. Therefore, it is
very likely that the better ear at one frequency
is mot the better ear for all frequencies.
Combining these observations with the
standard Colburn model (Colburn, 1973)
allows one to predict detection thresholds for
narrowband targets at ‘various locations
relative to a wideband masker. For many
target/masker ~ geometries, the predicted
amount of binaural gain (i.e., the unmasking
observed after equating the SNR at the better
ear) is small compared to the monaural effects.
But for all spatial configurations studied with
a 500Hz target, the binaural gain is always
significant (3-10dB).

6. Preliminary Measurements of
HRTFs in Reverberant Space
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Figure 4: Time-domain impulse response at

the ear of a listener for a source in a room
positioned 1 meter from the head at ear level,
in the right front quadrant. Insert shows
initial 25 ms of response, including direct
sound and first reflection

We have begun to analyze the acoustic effects of reverberant energy on the total signals reaching the
ears in order to identify and test alternative hypotheses for how distance is computed from reverberant
cues. Based on feedback from other researchers in the field, we decided to switch from using Golay codes

to using Maximum Length Sequences (e.g., see Rife and Vanderkooy,

1989; Vanderkooy, .1_994) in order

to get more robust, reliable measures of room HRTFs.

Results of analysis of our individualized HRTF measurements using the MLS approach are quite

encouraging. Figure 4 presents a sample HRTF in which both the total (large axes) and the

anechoic

portion (insert) of the HRTF for one ear are shown for an example subject and location.

Many acoustic features vary with distance and direction of a s

ound source near the listener, and might

be able fo predict the behavioral results observed. For instance, in Figure 6, we show the direct sound
energy relative to the reverberant energy, like the statistic proposed by Bronkhorst and Houtgast (1999) to
underlie distance judgments. Results are showna as a function of source distance, for two source
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directions at both the left and right ears. The direct-to-reverberant energy ratio does provide a distance cue.
However, it should be noted that nearly any other attribute of the signals reaching the ears that vary with
reverberation with be correlated with the changes in the direct-to-reverberant energy ratio.

We performed analysis comparing the pseudo- 35 - -
anechoic portion of the HRTF to the total HRTF in left  right source
reverberant space. The reverberation causes near- 30 ear ear az
random fluctuations in the total spectrum of the signals .. o5} —u— —e— 90
reaching the ears around their “true” anechoic values. -f=r =-0-: 0
The size of these fluctuations varies with source ® & 20f
distance, as one might expect. We are encouraged by TZ ———e
our observations for a number of reasons. This $% 15&,"-’«'8"'-- S
property of the reverberant spectrum will be highly S8 o =~ 6.0 Bee..._
correlated with the direct-to-reverberant energy ratio £ e T
and should be able to account for distance perception & 3 sl Y
of sources beyond a meter from the listener (i.e., those g
positions that are correctly predicted by Bronkhorst & Of
and Houtgast, 1999). In addition, computation of
spectral “roughness” is computationally _feasible, ST
unlike the proposed model (Bronkhorst and Houtgast, 10 . .

1999). In the upcoming year, we intend to explore 0.2 05 A
various estimates of spectral roughness as a cue for Source Distance (meters re: head center)
source distance in reverberant rooms. Figure 6: Ratio of direct to
. . R reverberant RMS pressure level  at
7. Distance Perception of Speech Stimuli left (square) and ril,)ght (circle) ears as

In addition to the studies of localization of a function of distance for sources
unfamiliar sources in anechoic and reverberant space straight ahead (dashed lines) and 90°
already reported, we performed some preliminary ~ to the right (solid lines).
studies examining distance perception of speech ' _
signals. Speech is a unique stimulus for distance perception because the acoustic properties of the speech
change consistently with the output level of the talker. Consequently, it is possible to estimate the loudness
of a live talker based on the apparent vocal effort of the speech signal. By comparing this apparent level of
vocal effort to the level of the stimulus reaching the ears, it is possible to estimate the distance of the talker.
A listener hearing a loud whisper, for example, knows the sound must originate from a nearby talker,
while a quiet shout must originate from a distant talker. The results of these experiments demonstrate that
vocal effort is an extremely potent cue for absolute distance. However, these experiments are substantially
different in character from the others topics discussed in this proposal and will not be pursued further in
this research program.
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